T cell activation requires that the cell meet increased energetic and biosynthetic demands. We showed that exogenous nutrient availability regulated the differentiation of naïve CD4 + T cells into distinct subsets. Activation of naïve CD4 + T cells under conditions of glutamine deprivation resulted in their differentiation into Foxp3 + (forkhead box P3-positive) regulatory T (T reg ) cells, which had suppressor function in vivo. Moreover, glutamine-deprived CD4 + T cells that were activated in the presence of cytokines that normally induce the generation of T helper 1 (T H 1) cells instead differentiated into Foxp3 + T reg cells. We found that a-ketoglutarate (aKG), the glutamine-derived metabolite that enters into the mitochondrial citric acid cycle, acted as a metabolic regulator of CD4 + T cell differentiation. Activation of glutaminedeprived naïve CD4 + T cells in the presence of a cell-permeable aKG analog increased the expression of the gene encoding the T H 1 cell-associated transcription factor Tbet and resulted in their differentiation into T H 1 cells, concomitant with stimulation of mammalian target of rapamycin complex 1 (mTORC1) signaling. Together, these data suggest that a decrease in the intracellular amount of aKG, caused by the limited availability of extracellular glutamine, shifts the balance between the generation of T H 1 and T reg cells toward that of a T reg phenotype.
INTRODUCTION
When T cells interact with their cognate foreign antigens, they undergo rapid activation, which requires considerable energy and cellular resources. These metabolic needs are secured by the augmented uptake and use of nutrients. Indeed, a sine qua non for optimal T cell proliferation and effector function is the T cell receptor (TCR)-stimulated increase in the cell surface amounts of glucose and glutamine transporters. The resulting increase in glucose and glutamine metabolism (1-9) results in a metabolic shift from the fatty acid oxidation that characterizes quiescent T cells (10) (11) (12) .
Studies have shown that distinct T lymphocyte subsets exhibit disparate metabolic profiles; effector T (T eff ) cells are highly glycolytic and even lipogenic, whereas suppressive regulatory T (T reg ) cells display a mixed metabolism with increased lipid oxidation (13) (14) (15) (16) . Cellular metabolism is regulated, at least in part, by the mammalian target of rapamycin (mTOR) pathway. The mTOR complex 1 (mTORC1) is critical for the differentiation of naïve T cells into T helper 1 (T H 1) and T H 17 cells, as well as for the cytolytic activity of CD8 + memory T cells, whereas mTORC2 signaling promotes the differentiation of naïve CD4 + T cells into T H 2 cells (17) (18) (19) (20) (21) . Conversely, inhibition of mTOR activity blocks the generation of T eff cells, instead promoting the generation and function of Foxp3 + (forkhead box P3-positive) T reg cells (22) (23) (24) . Consistent with these observations, the activation of mTOR blocks the differentiation of naïve CD4 + T cells into T reg cells and blocks T reg function (25) (26) (27) . Furthermore, decreasing mTOR activity by genetic deletion of nutrient transporters that are responsible for the uptake of glucose, leucine, or glutamine (8, 9, 28) inhibits the generation of T eff cells without affecting T reg cell generation.
Because pathological microenvironments can alter the nutrients available to a T cell, it is important to determine whether the external nutrient environment regulates the intrinsic differential potential of that cell. Indeed, nutrient concentrations within tumor microenvironments are generally reduced compared to those in normal tissues. Specifically, quantitative metabolomics profiling has revealed that the intratumoral concentrations of glucose and glutamine are reduced in patients with hepatocellular carcinomas and stomach and colon tumors (29, 30) . Furthermore, alkylating chemotherapies decrease the intracellular generation of the antioxidant glutathione because of limited glutamine availability (31) (32) (33) (34) .
Here, we demonstrated that nutrient availability plays a major role in regulating the differentiation of naïve CD4 + T cells into different subsets. Stimulation of the TCR under conditions in which the amount of glutamine was limited resulted in the conversion of naïve CD4 + T cells into Foxp3 + T cells. This phenomenon was specifically a result of glutamine catabolism because it was recapitulated by a glutaminase inhibitor. The converted Foxp3 + T cells exhibited increased proliferation in vivo as compared to conventional Foxp3 − T cells, and they protected recombinase activating gene (Rag)-deficient mice from the development of T eff cell-mediated autoimmune colitis. This de novo generation of T reg cells occurred even under T H 1-polarizing conditions, abrogating the differentiation of naïve cells into T H 1 cells. This block in differentiation was associated with attenuated mTOR signaling and decreased expression of the gene encoding glutaminase 2 (GLS2), the enzyme that catalyzes the first step in the generation of a-ketoglutarate (aKG) from glutamine. Because aKG is incorporated into the tricarboxylic acid (TCA) cycle, the major anaplerotic step in proliferating cells (35, 36) , we assessed whether the glutamine-derived production of aKG was required for the generation of T H 1 cells. We found that supplementing glutaminedeprived CD4 + T cells with a cell-permeable aKG ester under T H 1-polarizing conditions resulted in a marked increase in the abundance of Tbet, a transcription factor required for T H 1 cell differentiation, as well as interferon-g (IFN-g), a signature cytokine of T H 1 cells. This was associated with the activation of mTORC1, as demonstrated by increased phosphorylation of the ribosomal protein S6. Together, these data suggest that extracellular glutamine availability governs the concentration of intracellular aKG, which in turn functions as a metabolic regulator that determines whether naïve T cells differentiate into T H 1-type T eff or T reg cells.
RESULTS
T eff cell function is differentially modulated by the deprivation of glucose or glutamine
To assess whether the relative availability of nutrients in the external environment regulated the differentiation potential of naïve CD4 + T cells, we stimulated lymphocytes with activating antibodies (anti-CD3/CD28) specific for the TCR complex component CD3 and the co-receptor CD28 in either complete medium or medium deficient in glucose or glutamine. Whereas the early TCR-stimulated increases in the production of the cytokines interleukin-2 (IL-2) and IL-17 were not inhibited, glutamine withdrawal resulted in an increase in the percentage of Foxp3 + cells (Fig. 1A) . Furthermore, we also measured the increased abundance of foxp3 mRNA in cells cultured under glutamine-deprived, but not glucose-deprived, conditions (Fig. 1B) . Thus, this increased gene expression did not represent a response to nutrient deprivation per se but rather was a specific consequence of glutamine starvation. To determine whether the increased Foxp3 expression in cells cultured under glutamine-deprived conditions was specifically a result of changes in glutamine catabolism, we blocked glutaminolysis with 6-diazo-5-oxo-L-norleucine (DON), a glutaminase inhibitor that functions only when the enzyme is active (37) . There was an approximately 45-fold increase in foxp3 mRNA abundance in DON-treated cells compared to that in cells cultured under normal nutrient conditions (Fig. 1B) . Thus, either limiting the available amount of extracellular glutamine or inhibiting intracellular glutaminolysis resulted in increased foxp3 expression in stimulated naïve CD4 + T cells. The increased percentage of Foxp3 + T cells under glutamine-deprived conditions was detected 96 hours after TCR stimulation (Fig. 1C ) and was not a result of their preferential proliferation as compared to that of CD4 + Foxp3 − T cells. Whereas CD4 + T cell proliferation was reduced in the absence of glutamine or in the presence of DON, the relative proliferation profiles of the Foxp3 − and Foxp3 + cells were similar under all conditions (Fig. 1C , right panels). Moreover, although glucose deprivation also reduced the TCRstimulated proliferation of CD4 + T cells, there was no accompanying increase in the percentage of Foxp3 + cells (Fig. 1C) . Thus, the biased TCR-stimulated generation of Foxp3 + T cells was specific to conditions of glutamine deprivation. Furthermore, this biased generation of Foxp3 + T cells was reversed by the addition of low amounts of glutamine to the cell culture medium ( fig. S1 ).
These data gave rise to two nonexclusive hypotheses. Given the central role of transforming growth factor-b (TGF-b) in the conversion of naïve T cells to Foxp3 + T reg cells, we evaluated its potential involvement in the enhanced generation of these cells under glutamine-deprived conditions. Although we had not added exogenous TGF-b to the cell culture medium, we evaluated the possibility that either the low amount of TGF-b present in the fetal calf serum (FCS) or any TGF-b produced by the cells themselves was sufficient to drive the differentiation of naïve CD4 + T cells into Foxp3 + T cells under glutamine-deprived conditions. Indeed, a neutralizing anti-TGF-b antibody reduced the percentage of Foxp3 + T cells generated under glutamine-deprived conditions in a proliferation-independent manner ( Fig. 2A) . Furthermore, SB431542, an inhibitor of the TGF-b receptor 1 (TGFbR1) signaling pathway (40) , statistically significantly decreased the generation of Foxp3 + cells under conditions in which glutamine abundance was limiting ( Fig. 2B , P < 0.0001). Finally, we evaluated the T reg cell-specific demethylated region (TSDR), an enhancer element of the Foxp3 locus that is selectively demethylated in stable Foxp3 + T reg cells (41) (42) (43) , and found that the methylation status of the TSDR in TGF-b-induced Foxp3 + T reg (iT reg ) cells was similar to that in Foxp3 + cells generated in the absence of glutamine ( fig. S2 ).
Foxp3
+ T cells generated in the absence of glutamine show enhanced proliferation in vivo
Our earlier experiments demonstrated that glutamine depletion promotes the in vitro differentiation of naïve CD4 + T cells into Foxp3 + T cells. It was nonetheless not clear whether these Foxp3 + T cells would be maintained after their transfer into lymphopenic hosts and how their proliferation in vivo would compare with that of the Foxp3 − T cells derived from the same cultures. To evaluate this question, we activated naïve CD4 + T cells from C57BL/6-Thy1.1 mice for 5 days in nutrient-replete or glutamine-deprived conditions or in the presence of DON (Fig. 3A) . Under the glutaminealtered conditions, the percentages of Foxp3 + T cells increased between 15 to 35% (Fig. 3A) . The cells were then labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) and adoptively transferred into sublethally irradiated C57BL/6-Thy1.2 recipient mice. The ratio of Foxp3
− donor T cells from both the glutamine-depleted cultures and the DON-treated cultures remained substantially greater than that of cells derived from the nutrient-replete control culture on day 7 after adoptive transfer (means of 20 to 40% as compared to 10%; P < 0.005) and was associated with an increased in vivo proliferation of the Foxp3 + cells (Fig. 3B) . Thus, the Foxp3 + T cells generated ex vivo by culturing under glutamine-deprived conditions were maintained after their adoptive transfer to recipient mice.
+ T cells generated under glutamine-deficient conditions show suppressive activity in vivo hi T eff cells during the entire 9-week followup period (Fig. 4, A and B) . Injection with Foxp3 + cells generated in vitro under glutamine-deprived conditions also fully protected Rag2 −/− mice co-injected with T eff cells from IBD during the entire follow-up period, an effect that was associated with reduced cell surface abundance of the effector molecule CD44 on the injected T eff cells (Fig. 4C) . Moreover, the Foxp3 cells generated in vitro under glutamine-deprived conditions exhibited enhanced persistence compared to that of nT reg cells (Fig. 4D ). These data suggest that glutamine withdrawal promotes the suppressive activity and in vivo persistence of the generated T reg cells.
Glutamine deprivation inhibits the differentiation of naïve CD4 + T cells into T H 1 cells and increases the generation of Foxp3
+ cells
Next, we investigated whether glutamine deprivation affected the generation of Foxp3-expressing cells after the activation of naïve T cells under cellpolarizing conditions. As expected, most naïve CD4 + T cells cultured under iT reg -polarizing conditions became Foxp3 + cells, and this percentage was not modulated by glutamine availability (Fig. 5A ). These data suggest that the potential of a naïve CD4 + T cell to differentiate into an iT reg cell occurs in a glutamine-independent manner.
To determine whether glutamine availability conditions the potential of a cell to differentiate into a specific T eff cell type, we stimulated naïve CD4 + T cells under T H 1-or T H 2-polarizing conditions and monitored their differentiation as a function of the abundances of the mRNAs for the transcription factors Tbet and GATA3, respectively. Glutamine deprivation blocked the expression of Tbet under T H 1-polarizing conditions but had no effect on the expression of GATA3 under T H 2-polarizing conditions (Fig. 5B) . Furthermore, this change in Tbet expression in glutamine-deprived cells was associated with an almost complete absence of IFN-g secretion by CD4
+ T cells exposed to T H 1-polarizing cytokines ( Fig. 5C , P < 0.0001). In marked contrast, glutamine deprivation resulted in enhanced IL-4 production by cells cultured under T H 2-polarizing conditions (Fig. 5C ). Note that the differentiation of naïve cells into T H 1 cells was not inhibited by glucose starvation ( fig. S4 ), suggesting that there are substantial differences in the capacity of energetic fuel sources to support T eff cell differentiation.
Given that glutamine-deprived naïve CD4 + T cells were unable to undergo differentiation into T H 1 cells under T H 1-polarizing conditions, we next monitored Foxp3 expression in these cells. We found that the percentage of Foxp3 + cells was markedly increased under T H 1-polarizing, but not T H 2-polarizing, conditions in the context of glutamine deprivation ( Fig. 5D , P < 0.0001). Furthermore, Foxp3 mRNA abundance was increased fivefold in glutamine-deprived cells compared to that in cells cultured with complete nutrients (Fig. 5D ). These data suggest that the nutrient milieu affects the expression of Foxp3, even in cells cultured in the presence of cytokines that would be expected to bias a naïve CD4 + T cell to differentiate into a specific T eff cell type.
On the basis of these data, it was of interest to determine whether endogenous TGF-b was also responsible for the emergence of Foxp3 + T cells under T H 1-polarizing conditions. Indeed, anti-TGF-b antibodies inhibited the conversion of naïve CD4 + T cells to Foxp3 + cells under T H 1-polarizing conditions (Fig. 6A) . However, even though the generation of Foxp3 + cells was dependent on TGF-b, neutralizing this cytokine was not sufficient to promote T H 1 cell polarization under glutamine-deprived conditions. Specifically, Tbet abundance was not restored in cells treated with the anti-TGF-b antibody and cultured under T H 1-polarizing conditions (Fig. 6B) , and cells cultured under these conditions did not produce sufficient amounts of IFN-g (Fig. 6C) . In contrast, the differentiation of naïve CD4 + T cells into T H 2 cells was not sensitive to the inhibition of TGF-b (Fig. 6B) . Together, these results indicate that, under limiting glutamine conditions, the conversion of Foxp3 significantly decreased their glutamine uptake ( Fig. 7A , P < 0.05). Furthermore, glutamine deprivation attenuated the T cell-stimulated increase in the abundance of the mRNA encoding GLS2 (Fig. 7B) , a key enzyme in the conversion of glutamine to glutamate. Because the catabolism of glutamine contributes to the metabolism of T cells, these data suggest that the metabolic phenotypes of CD4 + T cells activated under nutrient-replete or glutaminedeprived conditions are distinct.
In cells cultured under nutrient-replete conditions, TCR stimulation resulted in a >10-fold increase in the basal oxygen consumption rate (OCR), an indicator of oxidative phosphorylation (OXPHOS); however, the OCR was statistically significantly decreased in glutamine-deprived cells (Fig.  7C , P < 0.001). These data are concordant with a study that showed that T reg cells have a lower level of mitochondrial OCR than T eff cells (49) . Furthermore, T reg cells exhibit reduced glycolysis compared to T eff cells, as determined by measurement of the extracellular acidification rate (ECAR) (49) . Indeed, we found that stimulated glutaminedeprived T cells showed a 10-fold decrease in basal ECAR compared to stimulated control T cells (Fig. 7C, P < 0.001) . On the other hand, T reg cells have a high spare respiratory capacity (SRC) (49) , which potentially enables them to respond to starvation conditions in which glucose is the only fuel, and this was indeed the case for glutamine-deprived CD4 + T cells (Fig. 7C) . As expected from the decreased OXPHOS and ECAR in glutaminedeprived CD4 + T cells, they had a statistically significantly decreased adenosine triphosphate (ATP) concentration compared to that of cells cultured with complete nutrients (Fig. 7C , P < 0.01), revealing an important role for glutaminolysis in the energy homeostasis of an activated CD4 + T cell. Glutamine is catabolized to generate aKG, which supports energy production through TCA cycle anaplerosis (Fig. 7D) . We therefore assessed whether glutamine-derived aKG was critical for the commitment of activated CD4
+ T lymphocytes to become T H 1 cells. To this end, glutamine-deprived naïve CD4 + T cells activated under T H 1-polarizing conditions were supplemented with a cellpermeable aKG derivative, dimethyl aKG (DMK). When supplemented with DMK, glutamine-deprived cells showed an increased abundance of Tbet, the transcription factor required for the generation of T H 1 cells, which was comparable to that in control T H 1-polarized cells (Fig. 7E) . Furthermore, DMK-supplemented cultures exhibited a substantial increase in the percentage of IFN-g + cells (Fig. 7E) . Supplementing glutaminedeprived CD4 + T cells with DMK also decreased the generation of Foxp3 + cells (Fig.  7E) . Thus, the reduced abundance of aKG correlates with the increased production of Foxp3.
The differentiation of naïve CD4 + T cells into T H 1 cells depends on the activation of the mTORC1 pathway (17, 22, 50) , and glutamine transport and the subsequent catabolism of glutamine are required to stimulate mTOR signaling pathways (9, (51) (52) (53) (54) . Furthermore, the extent of mTOR signaling inversely correlates with the generation of T reg cells (22) (23) (24) (25) (26) (27) . Indeed, we found that the phosphorylation of ribosomal protein S6, a readout of mTORC1 activity, was reduced by more than fourfold in CD4 + T cells undergoing T H 1 polarization in glutamine-deprived as compared to nutrient-replete conditions (Fig. 7E) . Because aKG directly activates mTORC1 signaling in multiple primary and transformed cell lines (51), we next assessed whether DMK affected mTORC1 signaling in glutamine-deprived cells. We found that phosphorylated S6 (pS6) was increased two-to threefold in abundance in DMK-treated cells compared to that in glutamine-deprived cells (Fig. 7E , P < 0.05). Together, these data suggest that increasing the intracellular concentration of aKG enhances mTORC1 signaling, which supports the differentiation of naïve cells into T H 1 cells.
DISCUSSION
Our data suggest that glutamine availability is a key determinant of the differentiation of naïve CD4 + T cells. Low glutamine availability promoted the conversion of naïve CD4 + T cells into Foxp3 + T reg cells, which displayed highly effective regulatory function. The marked increase in the generation differentiation of naïve cells into T H 1 cells required that glutamine be catabolized to aKG, replenishing the pools of metabolic intermediates in the TCA cycle and substantially increasing mTORC1 signaling. Under conditions in which glutamine use was limiting, the addition of an aKG ester restored the capacity of a cell to generate Tbet and adopt a T H 1 cell phenotype. These data raise the question of why glutamine-derived aKG is required for the differentiation of naïve cells into T H 1-type T eff cells, but not into antiinflammatory T reg cells. The entry of metabolic intermediates into the TCA cycle is central to energy metabolism, whereas their exit fosters the synthesis of biological molecules that are required for cell growth and division. In cancer cells, the heightened need for biosynthetic intermediates results in a disproportionate dependency on glutamine, which undergoes anaplerotic reactions to form aKG (36, 55, 56) . By analogy, this would suggest that T H 1 cells, but not T reg cells, present a metabolic state that requires the support of a high level of anabolism. Indeed, T eff cells show high rates of glycolysis, whereas suppressive T reg cells exhibit a higher dependence on fatty acid oxidation (13, 14) . Furthermore, although T reg cells can take up exogenous fatty acids, T H 17 cells depend on the de novo fatty acid synthesis, which is costly in terms of ATP (16) . Together, these data suggest that T eff cells have higher metabolic requirements than T reg cells. In this regard, it is interesting to note that the addition of aKG to cultures of glutaminedeprived naïve cells not only stimulated their differentiation into T H 1 cells but also inhibited their differentiation into T reg cells. Thus, our findings suggest that altering the concentrations of intracellular metabolic intermediates conditions the balance between T H 1 cell effector functions and T reg cell suppressor functions.
However, it is also important to note that TCA cycle intermediates can regulate the epigenetic state of an activated T cell. Specifically, Tet2 (ten-eleven translocation 2) is an aKG-dependent enzyme that alters DNA methylation by conversion of 5-methylcytosine to 5-hydroxymethylcytosine. Deficiency in Tet2 inhibits the differentiation of naïve CD4 + T cells into T H 1 cells, but not T H 2 cells, whereas their conversion into T reg cells is enhanced (57) . Because these changes in differentiation directly parallel those that we observed under conditions of glutamine deficiency, the metabolism of this amino acid may be critical for Tet2-mediated demethylation and regulation of an epigenetic state that is required for the generation of T H 1 cells, but not T H 2 cells.
iT reg cells can be generated de novo by the stimulation of naïve CD4 + T cells through the TCR in the presence of exogenous TGF-b. We found that this conversion process was independent of glutamine abundance; large numbers of T reg cells were generated irrespective of the glutamine concentration. However, it was only under glutamine-deficient conditions that endogenous TGF-b, or the low abundance of TGF-b in FCS, was sufficient to promote the differentiation of naïve cells into T reg cells. Furthermore, the TSDR methylation status detected in TGF-b-induced T reg cells was similar to that of Foxp3 + T cells generated under glutamine-deficient conditions. These glutamine-deprived Foxp3 + T cells were also highly proliferative in vivo and were recovered at higher percentages than nT reg cells when cotransferred with T eff cells into Rag2-deficient mice. This conversion, which we detected under either T H 0-or T H 1-type stimulations, was abrogated under conditions in which TGF-b signaling was inhibited. These data are consistent with previous elegant work that demonstrated that the low abundance of endogenous TGF-b is sufficient to generate in vitro iT reg cells in an mTOR-deficient background (22) . Indeed, decreased glutaminolysis resulted in decreased mTOR signaling in CD4 + T cells stimulated ex vivo, whereas supplementation of DMK activated mTORC1 and inhibited Foxp3 mRNA and protein expression.
Although it is not yet known how the intricate coordination of nutrient processing regulates the formation of specific metabolic intermediates in T cell subsets, our data point to the extracellular nutrient environment as a key factor in this equation. This may have substantial physiological consequences in microenvironments, such as those that occur because of tumors or infections, wherein the nutrient milieu into which a T cell enters can be altered (29, 30, 58) . Indeed, glutamine abundance is reduced in patients with hepatocellular, colon, and stomach tumors (29, 30) . This finding may explain the data that show that T reg cells preferentially accumulate in and around murine tumors, especially as the tumors progress (59) . Furthermore, Foxp3 + T cells are often recruited to a tumor before T eff cells are recruited, which prevents the T cell-mediated eradication of the tumor cells (60) . Thus, the glutamine-deficient microenvironment of a tumor, potentially caused by the "addiction" of tumor cells to glutamine (61, 62) or as an undesirable result of chemotherapy (32) (33) (34) , appears to be a critical factor in enforcing a T reg cell phenotype even under conditions in which the CD4 + T cells recruited into the tumor are exposed to conditions that promote their differentiation into effectors. Manipulating the metabolic state of T cells may modulate the balance between effector and suppressor functions, potentially opening new avenues for the development of immunotherapies. From an evolutionary perspective, it is tempting to speculate that it is in the interest of the organism to evade an energetically costly immune response under conditions of amino acid starvation.
MATERIALS AND METHODS

Mice
C57BL/6 mice and C57BL/6-Thy1.1 mice were purchased from Charles River laboratories, whereas Foxp3-GFP reporter mice have been previously described (38, 39) . The mice were housed in conventional, pathogen-free facilities at the Institut de Génétique Moléculaire de Montpellier and at the National Cancer Institute at Frederick. Animal care and experiments were performed in accordance with the National Institutes of Health (NIH) and French national guidelines. 
Cell isolation and activation
GFP
− expression profile on a FACSAria flow cytometer (BD Biosciences). For T H 1-, T H 2-, and iT reg -polarizing conditions, IL-12 (10 ng/ml) and anti-IL-4 antibody (5 mg/ml), IL-4 (10 ng/ml) and anti-IFN-g antibody (10 mg/ml), or human TGF-b (3 ng/ml), respectively, were added to the cultures. TGF-b or the TGF-b signaling pathway were neutralized by the addition of an anti-TGF-b monoclonal antibody (clone 1D11, 10 mg/ml) or the inhibitor SB431542 (5 mM, Sigma), respectively. For rescue experiments, cultures were supplemented with DMK (3.5 mM, SigmaAldrich). Cell activations were performed with plate-bound anti-CD3 (clone 17A2 or 2C11, 1 mg/ml) and anti-CD28 (clone PV-1 or 37.5, 1 mg/ml) monoclonal antibodies in RPMI 1640 medium (Life Technologies) supplemented with 10% FCS and IL-2 (100 U/ml) in the presence or absence of 2 mM glutamine or 11 mM glucose. In some experiments, glutamine was added at the concentrations indicated in the figure legends. Exogenous IL-2 (100 U/ml) was added every other day starting on day 2 after stimulation. To block glutaminolysis, CD4 + T cells were activated in the presence of 3 mM L-DON (Sigma-Aldrich). Cell proliferation was monitored by labeling the cells with 2.5 mM CFSE (Life Technologies) or 5 mM CTV (Life Technologies) at 37°C for 3 or 8 to 10 min, respectively, for in vitro and in vivo manipulations.
Gene expression analysis
RNA was isolated from purified CD4 + T cells with the RNeasy Micro Kit (Qiagen) and then was reverse-transcribed into cDNA by oligonucleotide priming with the QuantiTect Reverse Transcription Kit (Qiagen). qRT-PCR analysis was performed with the LightCycler 480 SYBR Green I Master kit (Roche) and the following specific primers: Tbet sense, 5′-TCCCCCAAG-CAGTTGACAGT-3′; Tbet antisense, 5′-CAACAACCCCTTTGCCA-AAG-3′; Gata3 sense, 5′-AGTTCGCGCAGGATGTCC-3′; Gata3 antisense, 5′-AGAACCGGCCCCTTATCAA-3′; Foxp3 sense, 5′-CCCAGGAAAGA-CAGCAACCTT-3′, Foxp3 antisense, 5′-TTCTCACAACCAGGCCACTTG-3′; Gls2 sense, 5′-AGCGTATCCCTATCCACAAGTTCA-3′; Gls2 antisense, 5′-GCAGTCCAGTGGCCTTCAGAG-3′; Hprt sense, 5′-CTGGTGAA-AAGGACCTCTCG-3′; Hprt antisense, 5′-TGAAGTACTCATTATAGT-CAAGGGCA-3′.
Immunophenotyping and flow cytometric analysis
Immunophenotyping of cells was performed with fluorochrome-conjugated antibodies, and intracellular staining was performed after the fixation and permeabilization of the cells (intracellular staining kit, eBioscience). Phosphorylation of S6 was assessed after fixation in 4% paraformaldehyde and permeabilization by staining with an anti-pS6 antibody (clone 91B2, Cell Signaling) and revealed with a secondary anti-rabbit immunoglobulin G antibody conjugated to Alexa Fluor 647 (Life Technologies). IL-4 production was assessed on day 6 of polarization with a Cytometric Bead Array (CBA) Kit (BD Biosciences). Before being subjected to staining for intracellular cytokines, cells were activated with phorbol myristate acetate (100 ng/ml, Sigma-Aldrich) and ionomycin (1 mg/ml Sigma-Aldrich) in nutrient-replete medium in the presence of brefeldin A (10 mg/ml, Sigma-Aldrich) for 3.5 to 4 hours at 37°C. Cells were analyzed with a FACSCanto flow cytometer (BD Biosciences) or were sorted on a BD FACSAria flow cytometer. Data analysis was performed with FlowJo Mac version 8.8.7 software (Tree Star) and FCAP Array Software (CBA analysis).
Bisulfite pyrosequencing
For each analyzed cell type, cells (1 × 10 6 ) were subjected to FACS to >95% purity. Genomic DNA was isolated from the sorted cells with the DNeasy kit (Qiagen) and bisulfite-converted with the EZ DNA Methylation Kit (Zymo Research) according to the manufacturer's instructions. The murine TSDR was amplified by PCR in a reaction containing 20 ng of bisulfiteconverted genomic DNA, 25 ml of ZymoTaq PreMix (Zymo Research), and forward and reverse primers (0.4 mM each) in a final volume of 50 ml. PCR conditions were as follows: 95°C for 10 min; 45 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 1 min; 72°C for 7 min; and 4°C for > 4 min. The PCR products were analyzed by gel electrophoresis. The PCR product (40 ml), PyroMark Gold Q96 reagent (Qiagen), PyroMark buffer (Qiagen), streptavidin Sepharose (GE Healthcare), and the sequencing primer were used for pyrosequencing on a PSQ96MA instrument (Qiagen) according to the manufacturer's protocol. The primers mTSDR-amp forward (TAAGGGGGTTT-TAATATTTATGAGGTTT), which was biotinylated at the 5′ end, and mTSDR-amp reverse (CCTAAACTTAACCAAATTTTTCTACCA) were used for TSDR amplification, whereas the primers mTSDR-seq1 (CCATA-CAAAACCCAAATTC), mTSDR-seq2 (ACCCAAATAAAATAATA-TAAATACT), mTSDR-seq3 (ATCTACCCCACAAATTT), and mTSDR-seq4 (AACCAAATTTTTCTACCATT) were used for pyrosequencing. Male mice were used to analyze DNA methylation status to avoid artificial recalculation because of X chromosome inactivation in female mice.
Glutamine uptake assay
Before being analyzed for glutamine uptake, CD4 + T cells (0.5 × 10 6 ) were starved in glutamine-free RPMI for 30 min at 37°C. Glutamine uptake assays were initiated by the addition of L-2,3,4-[
Metabolic flux analysis
OCR and ECAR were measured with the XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells (1 × 10 6 ) were placed in XF medium (nonbuffered Dulbecco's modified Eagle's medium containing 2.5 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate) and monitored under basal conditions and in response to 1 mM oligomycin, 1 mM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone), 100 nM rotenone, and 1 mM antimycin A (Sigma). The basal respiration rate was calculated as the difference between the OCR under basal conditions and the OCR after the inhibition of mitochondrial complexes 1 and 3 with rotenone and antimycin A, respectively. SRC was determined as the difference between the readings obtained under basal conditions and after injection of the ionophore FCCP. Mitochondrial ATP synthesis was estimated from the decrease in oligomycin-sensitive oxygen consumption using a phosphate/ oxygen ratio of 2.3 as described previously (63) . S3 ). After they were injected with the T cells, the mice were weighed weekly for 9 weeks or were sacrificed if their weight loss exceeded 20% of their total body weight. Lymphoid tissues were harvested, and colons were fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with H&E.
Statistical analyses
P values were determined with an unpaired Student's t test, ANOVA, MannWhitney with a two-tailed distribution, or a c 2 test when indicated. Survival differences during the development of colitis were analyzed with a MantelCox test (GraphPad Software).
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/8/396/ra97/DC1 Fig. S1 . Reduced amounts of glutamine in the culture medium inhibit the conversion of naïve CD4 + T cells into Foxp3 + T cells. 
